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Abstract

This study focuses on modeling, 3D printing, and evaluating the mechanical properties
of porous structures based on minimal surfaces: Schwarz P, diamond, and gyroid. Due
to their exceptional geometric and mechanical properties, these structures have high
potential in industrial and medical applications. In this study, the desired surfaces were
modeled using mathematical equations in MATLAB, and the resulting STL file was
transferred to CAD software to complete the modeling process. This procedure can be
easily implemented using basic and commonly available software. The created
structures were then fabricated using the FDM 3D printing method, and their
mechanical properties were evaluated through quasi-static compression testing in
accordance with ASTM D695 standards. The results indicated that the Schwarz P
structure exhibited greater resistance to compressive loading compared to the gyroid
and diamond structures in such a way that the force tolerated by this structure at some
strains was about 75 percent and the total energy absorbed at the end of the
compression test was about 40 percent higher than the other two structures. The
innovation of this research lies in introducing a simple and practical method for
accurately modeling complex minimal surfaces and evaluating the mechanical
properties of porous structures using widely accessible tools. This method can
significantly contribute to improving design and manufacturing processes in various
industries.
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1- Introduction

Porous structures have found wide application due
to their low weight and special mechanical
properties. These structures, which are observed for
example in plant tissues and bones [1], have
inspired the design of porous synthetic materials.
These materials are used in adsorption, catalysis and
improvement of energy and environmental systems
[2]. Their study helps to develop new design and
sustainable technologies.

Minimal surfaces are considered an ideal choice for
designing porous structures due to their zero

principal curvature summation [3]. Varieties such as
Schwarz primitive (P), diamond (D), and gyroid (G)
with controllable topology and unique engineering
properties have attracted the attention of researchers
[4]. The ability of these surfaces to mimic the
properties of natural tissues such as bone [5] plays
an important role in the development of new
materials and advanced applications. Modeling
minimal surfaces in design software requires precise
mathematical formulation [6]. The advancement of
additive manufacturing technology, especially 3D
printing, has facilitated the production of these
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complex surfaces [7]. In this study, surfaces such as
Schwarz P, D, and G are modeled in MATLAB and
converted to STL format, then transferred to CAD
software. Finally, the printed samples are analyzed
to investigate their structural properties.

Minimal surface modeling involves two main steps:
creating geometry in CAD software and simulating
the behavior of the structure with numerical
methods such as finite element. This process
requires detailed analyses to predict the mechanical
behavior under different loads to ensure the optimal
performance of the structure. Ahoor et al. [§]
designed a 3D M-Voronoi geometry that has convex
holes and non-uniform thicknesses and has high
stiffness. Comparisons showed that the gyroid
structure  provides simplicity and ease of
fabrication. Hsieh and Valdevit [9] developed a
model for designing minimal surfaces and
generating CAD and STL files that allows the
accurate design of 19 types of minimal surfaces.

Hasanabadi [10] used polygonal patch to design
two-phase Schwarzs P cells and showed that this
method is suitable for tuning thermal and electrical
properties. Tran et al. [11] presented new
frameworks for modeling gradient structures with
graphene, which have high mechanical performance
and are useful for optimizing elastic and shear
moduli. Afshar et al. [12] showed that the radial
gradient has a strong impact on the deformation
mechanisms of TPMS structures, highlighting the
importance of its distribution in the design of
complex structures. Hasanabadi [13] designed
multi-scale porous microstructures and showed that
these structures are suitable for medical and
industrial applications. Ehsaninezhad et al. [14]
developed an algorithm to identify continuous
regions in 2D images and generate 3D structures
and showed that their method has high accuracy.

The main objective of this research is to provide a
comprehensive method for accurate and efficient
modeling of minimal P, gyroid, and diamond
surfaces. The innovation of this research is in using
simple and accessible algorithms to convert
mathematical functions into 3D models. Also, this
research evaluates the mechanical properties of

these structures through quasi-static tests to
investigate the plastic behavior of these structures
under loading conditions. The results of this
research can help improve design and
manufacturing processes, especially in innovative
industries.

2- Research Methods

The gyroid structure, for example, has low thermal
conductivity due to its pores and voids and is able
to distribute heat evenly. This property makes it
suitable for use in thermal insulation or cooling
systems. In applications that require thermal
management, such as the design of insulating or
self-cooling materials, this surface has a desirable
performance. The gyroid surface is defined as
equation (1) [15]:

sin(x) sin(y) + sin(y) cos(z)

+ sin(z) cos(x) =0 (1)

The first stage of modeling is to use equations (1)
and obtain the coordinates of the points of the
surface, which can be implemented using software
such as MATLAB. In the next stage, the STL file
generated based on the points created in the
previous stage, is imported into CAD software such
as SolidWorks, as can be seen in Figure 1,left.

Using the Spline command, closed curves were
designed around the boundaries of the gyroid
surface, as can be seen in Figure 1, middle. After the
curves were created, at this stage, all the empty
spaces between the curves were carefully filled to
create a continuous, smooth surface that matched
the previously meshed model (Figure 1, right). By
repeating and mirroring the created patch in three
directions the triply periodic minimal surface is
obtained as depicted in Figure 2.
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Figure 1: Figure 1: left) Solid STL file imported from MATLAB
into SolidWorks software, middle) Extraction of boundary curves,
right) Patch obtained by the Filled Surface command in
SolidWorks.

To prepare the minimal surface and transform it into
a solid structure for final fabrication, the advanced
tools of the surfacing environment in CATIA
software were used. Due to its high flexibility and
diverse tools, this environment is an ideal choice for
more precise processing of complex surfaces and
creating 3D models with desirable properties. The
result of this operation is a unified and solid model,
shown in Figure 3, ready for fabrication using

additive manufacturing methods.

Figure 3: Solid model of minimal structure gyroid

The structures shown in Figure 3 were printed using
FDM with a natural-colored PLA+ filament as
depicted in Figure 4. This material was chosen as a
suitable option for minimally porous structures due
to its favorable mechanical properties, including
high tensile strength (2.50 MPa) and acceptable
elastic modulus (2900 MPa). Also, the high melting
temperature of this filament (in the range of 185—
210 °C) allows for use at higher temperatures and

helps optimize mechanical performance. The
filament diameter is 1.75 = 0.05 mm [16].

Figure 4: Printed structures; Schwarz G, P and D from left to
right respectively

3- Results

Quasi-static compression testing was performed
with a ZWICK Z250 machine according to ASTM
D695. The test speed was set to 1.5 mm/min to
allow for gradual deformation of the samples and
accurate analysis of their plastic behavior. Three
samples were tested under laboratory conditions
and were compressed to a strain of 60% or a
displacement of 30 mm. Each test lasted about 20
minutes and force-displacement diagrams were
extracted for all three samples as shown in Figure 5.

80000
70000

2 60000

;’ 50000 —_— D
g 40000 -G
é 30000 P

20000
10000
0

0 5000 10000 15000 20000 25000 30000 35000 40000
displacement (Micrometer)

Figure S: Force-displacement diagram of Schwarz D, G and P

The energy-displacement diagram shows the
amount of energy absorbed in each structure from
the origin to the corresponding displacement, which
is obtained by calculating the area under the force-
displacement diagram from the origin to the
corresponding displacement, as shown in Figure 6
Materials with higher energy absorption usually
perform better against impact and less damage is
transmitted to adjacent structures.
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Figure 6: Force-displacement diagram of Schwarz D, G and P

4- Conclusion

In this study, the modeling and 3D printing of
Schwarz P, diamond, and gyroid minimally porous
solid structures, as well as their quasi-static pressure
testing, were investigated. The results show that
Schwarz P structures have different loading
performance depending on their geometry and
mechanical properties. Schwarz P showed the
highest strength and energy absorption among the
structures and is more suitable for applications
requiring heavy force tolerance and resistance to
permanent deformation. The diamond structure
initially performed better than the gyroid in the
force-displacement diagram, but at the end of the
course, the conditions of the gyroid structure
improved. In terms of energy absorption, the two
structures also presented almost similar conditions.
These findings can help optimize the design of
industrial and medical components.
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